We describe an experimental system that programs three-dimensional optical fields to 200-fs resolution over a 10-ps window by using photorefractive volume reflection holograms in lithium niobate. These pulsed images are detected with an imaging interferometric cross correlator.
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These systems encode serial temporal fields with burst bandwidths of 0.5 -10 THz. We describe a volume holographic pulse shaper that programs the three-dimensional (3-D) space-time structure of optical fields. This system produces images in which each pixel contains an independent and programmable pulse shape. Space-time holography was demonstrated previously in thin 8 and volume 9 -12 holographic media. The system described here is what is to our knowledge the first demonstration of control and detection of complex ultrafast 3-D electromagnetic fields. The construction and characterization of an imaging cross correlator are key to achieving this result.
Programmable pulsed images are of particular interest to quantum dynamical control. 13 We previously considered absorption on surfaces containing nonlinear cavities 14 or two-level quantum systems 15 as models for space-time field interactions with coherent absorbers. We have shown that programmable space-time fields could create superresolved spatial structures in surface-bound two-level systems. We demonstrate that the fields considered in that previous research can be created in practice.
Reflection holographic pulse shapers provide spatially local encoding and maximal information-coding capacity per device volume. 16 A reflection hologram in a volume material is described by an index modulation V ͑x, y, z͒exp͑jKz͒, where K 4p͞l 0 is the Bragg frequency at the mean pulse wavelength l 0 . If the hologram is probed by a temporal impulse incident along the z axis the reflected signal is approximately V ͓x, y, ͑z 1 ct͒͞2͔exp͓ j͑v 0 t 1 k 0 z͔͒ in the diffractive near field. The temporal shape of the reflected pulse is thus determined by the spatial index modulation along the z axis. The temporal width of a feature in the reflected field corresponds to the time of flight of the probe pulse through the corresponding spatial feature and back. The total temporal width of the reflected signal is 2L͞c, where L is the thickness of the hologram and c is the speed of light in the holographic material. The minimum separation between temporal features in the reflected signal is limited by the temporal width of the probe pulse, so the minimum useful feature separation along the z axis of V ͑x, y, z͒ is half of the spatial extent of the incident pulse.
V ͑x, y, z͒ is programmed holographically. Previous volume holographic pulse shapers programmed one-and two-dimensional fields by means of singleexposure holograms. 6, 7 To program 3-D fields, multiple exposures are necessary. The most challenging difficulty in recording V ͑x, y, z͒ is the compression of the holographic dynamic range as the number of exposures increases. 17 In linearly absorbing materials an N -exposure hologram has 1͞N times less dynamic range in the index modulation than a single-exposure hologram. 17 This factor combines with geometric limitations to constrain the total information content of V ͑x, y, z͒. The information capacity of V ͑x, y, z͒ for pulse encoding is identical to the capacity derived in the data-storage context. 16 In the simplest case one encodes a temporal series of spatial images. In the reflection geometry the number of exposures that one needs to program this series is equal to the number of frames that one wishes to encode. The information content of each frame is determined by the resolution and the field of view of the recording and reconstruction system. The number of frames that one can usefully record is equal to the ratio of the minimum allowable holographic modulation Dn min to the maximum single-exposure modulation Dn max , i.e., N # Dn max ͞Dn min . If Dn min is determined by conventional detectability limits, this ratio may be 10 3 - 10 4 in existing materials. 18 Interferometric detection further constrains Dn min , as discussed below.
Our experimental geometry is sketched in Fig. 1 . The solid lines represent beam paths during the recording process with mirror M 1 in place. Modelocked laser pulses are split into write beams, which counterpropagate through the holographic material and record a hologram where they collide. The hologram is modulated in the transverse plane by a mask in the path of one write beam. The laser pulses can be modeled as spatial plane waves with temporal dependence p͑t͒exp͑jv 0 t͒. The pulse passing through the mask is modulated by the mask transmission function t͑x, y͒ such that the field in the mask plane is t͑x, y͒p͑t͒exp͑j v 0 t͒. The holographic modulation recorded by the colliding pulses is where T ͓t͑x, y͔͒͑x 0 , y 0 , z͒ represents the diffractive transformation of t͑x, y͒ from the mask plane to the recording plane and z 1 is the midpoint of the region in which the recording pulses collide. The cross correlation in Eq. (1) produces a spatial modulation along z with an envelope of width approximately equal to the width of p͑z͞c͒. To program V ͑x, y, z͒, the holographic material is translated between exposures, and the mask function is changed. The final holographic modulation is
where the sum is over the exposure number. We used a repetitive train of pulses to obtain sufficient energy to record holograms. The train of pulses can be modeled by addition of a second sum over pulse number to Eq. (2). Depending on the spatial modulation technique applied, t n ͑x, y͒ can control both the phase and the amplitude of the modulation, and the spatial resolution of t n ͑x, y͒ can be diffraction limited. As mentioned above, the longitudinal resolution is equal to the spatial length of the recording pulse, yielding a temporal resolution in the shaped field equal to twice the width of p͑t͒ We demonstrated pulsed-image recording using a z-cut 1 cm 3 1 cm 3 1 cm 0.1% iron-doped lithium niobate crystal from Deltronic. The crystal was dark red. Relatively high doping was used to yield increased IR sensitivity. Holograms were formed and probed by pulses from a mode-locked Ti:sapphire laser with 100-fs pulse width, 800-nm center wavelength, and 100-MHz pulse-repetition frequency. The decay of the holographic dynamic range as N increases would be reduced if the recording process were nonlinear. Hologram formation by two-photon absorption in lithium niobate has been reported, 19 but in our experiments we found the recording mechanism to be linear by measuring diffraction efficiency as a function of recording intensity at fixed total exposure. The characteristic response time for holographic recording was 228 s at an average laser intensity of 130 W͞cm 2 .
We created an eight-frame hologram consisting of the letters GO ILLINI and probed it to produce a 3-D electromagnetic field with each letter appearing in succession. Because the spatial width of the pulses inside the crystal was ϳ15 mm, individual frames were recorded only in the ϳ15-mm-thick region where the pulses interfered. We translated the crystal in the z direction by 150 mm between exposures to yield a temporal separation of 1 ps between letters in the pulsed image. Because existing holograms were partially erased by subsequent exposures, the exposure time for each letter was scheduled to equalize the final diffraction efficiency for each recorded image. 17 The times for successive exposures were 480, 154, 95, 69, 54, 44, 38, and 33 s. We modulated the images by inserting a chrome mask with 0.5-mm etched letters on a 0.32-cm-thick glass substrate in the path of one write beam. The mask was inserted 5 mm from the crystal to minimize diffraction before the beams interfere, and the faces of the mask and the crystal were tilted slightly away from normal incidence to separate interface reflections.
The composite multiple-exposure hologram was probed by an attenuated laser pulse to create a pulsed image. The dashed lines in Fig. 1 represent the beam paths for the readout process, during which mirror M 1 and the spatial mask were removed. The shaped field was detected by interferometric cross correlation, in which the signal and the reference pulses interfere on a CCD array. When the shaped and reference fields at the cross-correlation plane are modeled as s͑x, y, t͒exp͑ jv 0 t͒ and r͑t͒exp͑ jv 0 t͒, respectively, the time-average intensity detected by an interferometric cross correlator is
where t d is the time delay of the reference pulse introduced by a translation stage. The first two intensity terms are constant in time. The last term represents the temporal cross correlation of the signal with the reference pulse. The cross correlation is extracted from the time-average intensity by filtering I ͑x, y, t d ͒ about the temporal frequency v 0 . If r͑t͒ is well characterized from nonlinear autocorrelation data, both the phase and the amplitude of s͑x, y, t͒ can be recovered from the filtered cross correlation. Receiver and source noise and sampling errors affect the accuracy with which s͑x, y, t͒ can be reconstructed. Assuming that receiver noise is dominated by shot noise generated by the time-average intensity, the energy required per signal bit detected increases linearly with the number of signal bits per pixel, 20 whereas for direct detection the energy required is independent of the number of signal bits. For a frame-coded space-time image there are at most N signal bits per pixel. Inasmuch as holographic 3 exposures for noninterferometrically detected frames will support only 100 exposures for interferometric detection.
In practice I ͑x, y, t d ͒ must be digitized on a discrete space-time mesh. For complex space -time fields the information capacity required for storage and processing of I ͑x, y, t d ͒ is large, and the detection process becomes unwieldy. We simplified this process by analyzing only the amplitude of the signal at intervals separated by the desired temporal resolution Dt d . At these intervals we detected the average amplitude of the signal at each pixel by digitizing 16 CCD images while t d was increased over a few wavelengths. The small delay between subsequent images is given by dt d , l 0 ͞2c , , Dt d . The temporal fast Fourier transform of the result was then computed for each pixel, and the magnitude of the Fourier component at v 0 was stored by the computer. This gave the strength of interference for each pixel at time t d averaged over the temporal range of a few wavelengths. t d was then increased by Dt d , and the process was repeated until the entire field was detected.
The intensity was measured on a CCD array with 22 mm 3 22 mm pixels and a 16-bit dynamic range. The imaging lens was positioned to image the mask plane onto the CCD with ϳ23 magnification, and the images covered a 59 3 63 pixel area (1.3 mm 3 1.4 mm). The reference beam for the correlation was reflected by a mirror mounted upon a combination of two translation stages. A motorized translation stage with 1-mm resolution provided steps of Dt d 67 fs, and a piezoelectric translator provided fine steps of dt d 1 fs. Figure 2 shows three-dimensional surface plots of the cross-correlation intensity from the pulsed image that we produced. The diffraction efficiency, defined as the ratio of the total reflected signal energy to the incident pulse energy, was approximately 10 25 . Although spatial images were collected at 67-fs intervals, images at 1-ps intervals are displayed here for clarity. The temporal resolution of the image is shown in Fig. 3 , where the cross correlations are plotted for two different spatial points in the pulsed image. The width of the temporal features in the pulsed image is twice the spatial width of each frame. The detected temporal width is broadened by the width of the reference pulse in the cross-correlation process. These factors yield the ϳ400-fs feature width of Fig. 3 . Dispersion caused by propagation of the pulses through the crystal was not significant but may impose limitations on the ultimate temporal resolution.
